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ABSTRACT

The objective of this investigation was to produce
experimental verification of the tearing instability theory
proposed by Paris and coworkers. This theory states that
ductile crack extension will occur in an unstable fashion
whenever the applied tearing force is greater than the
material tearing resistance. In this investigation, a
series of compact specimens of aluminum, titanium, and
steel alloys were tested in a variably compliant test
machine to generate a range of applied tearing forces. The
material tearing resistance was measured from the Ji-R
curves of the stable specimens and compared to the applied
tearing force necessary to generate ductile tearing instabil-
ity in each material. The Paris theory was found to accu-
rately predict the onset of gross instability behavior.

Some limited instability behavior was found, however, at
values of tearing force less than the average material tearing
resistance obtained from an unloading compliance J{-R curve
test. Limited instability behavior was characterized by
repeated short steps of rapid but ductile crack extension,
separated by regions of slow stable tearing.

ADMINISTRATIVE INFORMATION
This report was prepared as part of the Surface Ship and Craft Materials Block
Program under the sponsorship of Dr. H.H. Vanderveldt, Naval Ship Systems Command
(SEA O05R15). The effort was performed at the David W. Taylor Naval Ship Research
and Development Center under Program Element 62761N, Task Area SF 61-541-592,
Project 20457, and Work Umit 2803-161.

INTRODUCTION
During the past few years, it has become increasingly common to characterize a
material's resistance to static crack extension in terms of the J resistance curve
(J-R curve) as introduced by Begley and Landes.l* The usual application of this
J-R curve has been to extrapolate back to the crack initiation parameter, Jy., which
is then considered to be a material parameter. Crack extension is avoided in the
structural element by limiting applied loads to values which keep the J integral ()

parameter at existing cracks below the material Jj. value.

*A complete listing of references is given on page 21.




In many applications, overloads can be envisioned which could reach or exceed
the loading required to initiate ductile crack extension. An added requirement for
structural integrity then is that the crack growth be stable and not self-propagating
and that it cease immediately when the overload is removed.

To address this problem, Paris and coworkers2 have defined a tearing modulus

quantity T as

T<-E 4J (1)

o} 2 da
o

where E = elastic modulus
00 = material flow stress
da = change in crack length

A material tearing modulus, T , can then be defined by taking dJ/da as the

material

slope of the material J_~R curve beyond JIc'

I

The applied tearing force, T depends upon the material properties, E,

applied’
Ty and the value of dJ/da applied to the crack tip by the combination of crack

geometry, type of loading, and structural stiffness. Calculations of Tapplied have

been accomplished by Paris and coworkersz-h for several simple geometries.
The tearing instability theory of Paris2 states that a flawed member will tear

stably when it is beyond Jj., and at its limit load, as long as Tapplied <

. . ; N .
Tmacarial' Tearing instability will occur whenever Tapplied > Tmaterial
The objective of this investigation is to evaluate the validity of the Paris

tearing instability theory by testing a series of compact specimens in a test
apparatus of variable compliance. A range of materials including aluminum, titanium,

and steel alloys were chosen to encompass a broad range of elastic moduli. Both
side-grooved and non~side-grooved specimens were tested because earlier works’6

demonstrated that this geometry modification had a distinct effect on the material

J1-R curve, tending to give lower T values when side grooves were present.

material

Application of a range of Tapplied values would allow the determination of whether

or not the T value was geometrically dependent; if not, which 1material more

material

accurately predicted the instability conditions. Two crack lengths were studied to

.

o m——————

S




verify the accuracy of the expression for T over a range of this variable,

applied
elastic modulus, flow stress, and machine stiffness.
For each material, standard single specimen JI-R curves were developed using

a stiff test machine and the technique of Joyce and Gudas7 to characterize T

material
for each material tested. Then, by increasing the test machine compliance, Tupplicd
was increased until it exceeded the T value, at which point the previously

material
stable specimens would be expected to fail in a rapid, unstable, but ductile fashion.

Previous work of this type has been completed for one type of steel using bend
specimens by Paris et a1.8 For all tests, the J integral size criteria9 were met
to keep the tests initially in the region of J-controlled growth.lo

For the compact specimen geometry, T was calculated in a compliant test

applied 9
machine using the general analysis scheme outlined by Paris et al,” assuming
elastic, fully plastic material behavior. The details of this analysis are described

in this report.

MATERIALS AND EXPERIMENTAL METHOD

The experimental tearing instability analysis study was performed on a series
of 36 1T compact specimens machined in the T-L orientation. These plate materials,
which were chosen to encompass a wide range of elastic moduli, included Al 5456
H117 aluminum, Ti-3A1-2.5V titanium alloy, HY-130 steel, and as—quenched ASTM A533B
steel, The mechanical properties of the materials are presented in Table 1. All
specimens were tested at room temperature except the as-quenched A533B which was
tested at 150°C. The tests were performed with a screw-driven Tinius Olsen tensiic
machine modified with a variable-stiffness titanium spring in the load train as
shown in Figure 1. The spring was composed of two titanium beams in series
loaded in three-point bending. The spring stiffness was a function of the span
distance between the two rollers.

All the Jq fracture tests were conducted using a single specimen computer-
interactive unloading compliance method using a mini-computer for data acquisi-
tion and analysis as developed by Joyce and Gudas.7 The results of each unloadinyg
compliance test were plots of load versus load-line crack-opening displacement,
load versus test machine-head displacement, and a Jy-R curve which included
corrections for crack growth11 and for specimen rotation.12 The expression for

JI incorporating the crack growth correction is as follows:

i o0 o




TABLE 1 - MECHANICAL PROPERTIES OF MATERIALS USED IN TEARING INSTABILITY STUDY

. ; - IR
Modul - Ser JIC )Pmalorial with Yield Sty 51‘,1 meile Streus Flonyeation
ateris Modulus ow S UsS f 2 20 Percent ie < esstTensile S e ' .
Materdal L SE oan)| kst opay) [(IRTID/INTE SO FPerent G amay) G ey IS
2 Side Grooves {percent)
(kJ/m")) - -
—_— L - A S
Al 5456 H117110.3 x 108 | 42,5 (293) | 177 (31) 12 4 34 (234) 1 51 (351) Iy
I (71 x 103) I8 ]
Ti-341-2.5V |15.4 x 108 80.5 (555) ] 450 (79) 22 I 73 (503) ¢ 88 (6n7) 22
- (106_x 10%) S U
ASTM A533B 29 x 106 65 (448) 1500 (262) 36+ 26% 51 (352) 79 (54%) 30 |
Steel, As- o 3
| Quenched R (200 x 107) _ —_i__ﬁ_v_ ]
HY-130 Steel[29 x 100 145 (999) 870 (152) 14 9 138 (951) 152 (1048) 20
ll
| (200 x 10° 4 SR 4
*Non-side-yrooved specimens.
Notes: 1. Values of a were calculated from J;-R curve data with crack extensions up to 1.5 mn,
as/w = 0.65.
2. Values of b were calculated from J;-R curve data with crack extensions up to 5 mm,
aO/w = 0.65.
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Figure 1 - Modified Screw-Driven Testing Machine




A
= n TR - [+ , - ‘
i+ i * <b>i B : <b>i G 7 ) to

where = = 2 + (0.522) b/W for compact specimens

W

]

specimen width

The computer program was modified to calculate machine compliance and 'I"’“m“‘~i 1
using the machined stiffness, applied Jy, and crack length from each unloadinﬁ.
Machine compliance was calculated by measuring the total system crosshead detflection
versus applied load during the initial loading of a specimen, then subtracting the
compliance contribution of the specimen. In addition to the digitally recorded data,
an analog plot of load versus crosshead displacement was recorded during cach test. ?
This plot supplemented the load versus load-line crack-opening displacement (COD)
curves and was used to identify instability events during the test. Table 2 is the
test matrix for the tearing instability investigation which summarizes the naterial

specimen geometries, and ranges of T R
P b ’ & applied

The T , values listed in Table 2 were calcu . ated from conventional Jd,-
material 1
Integral tests in two wavs. The first method was to use a least squares linear
: . 9 . -
regression analysis as prescribed by Clarke et al., up to a crack extension of
1.5 mm, and the second method was to use a similar method but to include all test

points up to a crack extension of 5 mm.

TEARING FORCE ANALYSIS
This section presents the derivation of an expression for the tearim: Doreg
T . for a compact specimen loaded in a compliant test machine.
applied
For the specimen and test configuration shown in Fipure 2, 4 tixed ‘H‘ i

applied and held rigidly so that

ATOT = AEL + APL + AM = Constant v H

where AEL’ APL’ and AM are the total, elastic, plastic, and machine displace-

“TOT?

ments, respectively.




TABLE 2 - RESULTS OF TEARING INSTABILITY STULY ON 1T COMPACT SPECIMENS*

Side Grooves

Tapplicd

Fracture

T . , .
Material a/w (percent) material at Maximum Load -}Tjt?wpr
Al 5456 H117 0.65 0.0 19 3.5 Stable
4.0 Semistable
5.5 ! Semistable
9.7 g Semistablce
39.0_ | Unstable
Al 5456 H117 0.65 20.0 4 -1.4 ' Semistable
1.5 Semistable
4.7 . Unstable
Al 5456 H117 0.80 0.0 17 -0.5 Stable
4.7 Stable
7.7 Semistable
14.2 Semistable
_ 134.0 Unstable
Al 5456 H1l17 0.80 20.0 S ~7.2 Semistablc
3.4 Semistable
10.0 Unstable
o 21.0 Unstable
Ti-3A1-2.4V 0.65 0.0 26 -1.0 Stable
6.0 Stable
15.0 Stable
. 29.0 Unstable
Ti-~3A1-2.5V 0.65 20.0 11 -1.0 Stable
5.0 Semistable
13.0 Semistable
o 17.0 ] Unstable
A5338 (As~- 0.65 0.0 26 5 Stable
quenched; S Semistabl.
test at 23 Semistable
_300UF (15090) 34 Unstable
HY~130 0.65 0.0 22 3 Stable
13 Semistablc
17 Semistable
26 Unstable
. 37 Unstable
HY-1130 0.65 20.0 9 1.0 Semistable
2.0 Semistable
9.0 Semistable
11.0 Unstable

*All tests conducted at room temperature except A533B tests.
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Figure 2 - Specimen Displacement Notation

During crack extension then, the sum of the differentials of AEL’ APL’ and &, must

be zero, i.e.,

For the compact specimen, the elastic displacement component can be evolinit,

from the relationship

where, from Saxena and Hudak,

L .

= elastic modulus
= specimen thickness
P = applied load




a 2
ay_[(Mu a 2
-—_] = — -a_
F(2) 2 | |2-16299 + 12.219 & - 20.065 (3)
1__
W
(6)
a 3 a 4 a >
- 0.9925 (2) + 20.609 (ﬁ) - 9.9314 (ﬁ)
The plastic displacement component can be expressed as
a
Bpy, = 8¢ & (3) 7
where, from Merkle and Corten,14
(é) - [ 4 w@w-1 °t (8)
E\w/~ |W-a 1+a
where St = crack opening stretch
o = {l4a’+ha(i-a)+20-) 21 2o asn)} (w-a) (9)

The testing machine is assumed here to behave like a linear elastic spring, so the

testing machine displacement is given simply by
A, = (10)

where KM’ the machine stiffness, is a constant.

Assuming now that the load is at the specimen limit load, gives

P=P =03BWh (

| (11)

=l

where, from Merkle and Corten,14




e |

JORNEEE a2

with o given by Equation (9). The final relationship needed is, from Paris15

. 6
andeCO,l that the crack tip opening displacement is proportional to J as
J v
= gk
3 a* = (13)
where a* is a constant ~ 1 for plane stress and = 0.7 for plane strain.

Taking the differentials of Equations (5), (7), and (10), substituting into

Equation (4), and rearranging gives the relationship

3 W 9 \ B '
Tapplied = *EE_ —i =T a> { Ja [h (%) £ (%)] + %; Ta i

+ & JE —ng %)} (14) |

. a 2 3
f£.2 ~—ﬂ———2——2 [2.16299 +12.219 £ - 20.065 <3) - 0.9925 (2)

1 - % (1_ 3) W W
W

4 5 et % ’ ‘
+ 20.609 (%) - 9.9314 (%) ]+ = - [12.219 - 40.13
1- =
W
2 3 4
- 2.9775 (%) + 82.436 (%‘, - 49.657 (&) ] )

“SESApe— s T R PO il S 7w U




a[a(w-a)J} - _
g ‘1 + —a (W-a + (W-a)al

(W-a)° (1+a)?

_ dla(W-a)l
; 1+ “a'a'_'s C(wa) + a(W-a)] (16)

(W-a)? (1+a)?

oh _

3h 3lo(W-a)]
da

1
W da (7

with, from Fquation (9),

dCla(w-a)l _ 2a -1

(18)
da C4a2 + 4a(W-a) + Z(W—a)zjl/z

Substitution of Equations (15) through (18) into Equation (14) gives the final form

of used throughout this investigation, expressing the dependence of T

T .
applied
on JI’ E, 00, a/W, and KM for the compact specimen.

applied

RESULTS AND DISCUSSION

DESCRIPTION OF SPECIMEN INSTABILITY BEHAVIOR
During the loading of the specimens described in the text, three general types
of load versus displacement behavior were demonstrated as shown in Figure 3. The

results shown in Figure 3a were from a J.-R test performed in a rigid-test machine

I

with the condition that T . was much greater than T . e
material applied

was constructed from digital data taken at 0.5 sec intervals. These data,

The curve

regularly and closely spaced, reflect the stable response of the specimen to the

constant crosshead rate used in all tests.
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For the cases where T approached T (but still less than

applied material
T . ,), the behavior shown in Figure 3b was observed. This behavior was
material

characterized by repeated rapid steps of crack growth of relatively small magnitude,
typically on the order of 0.1 mm to 0.5 mm, with larger steps being observed as

more closely approached T The quick jumps of crack growth appeared

T . .

applied material
as gaps in the load versus COD plot shown in Figure 3b. Each jump was accomplished
in much less than the 0.5 sec data acquisition interval.

The specimens tested with T produced the type of load versus

applied g Tmaterial
displacement shown in Figure 3c. At or near maximum load, instability occurred
producing an increment of crack extension large enough to either separate the
specimen completely or leave only a small remaining ligament. This sudden unstable
crack extension is shown in Figure 3c as the blank region to the right of the load
displacement plot.

Figures 3a and 3b show that the load displacement records for stable specimens
and specimens with limited instability are similar in shape in spite of the presence
of the small instabilities. Likewise, the J-R curves obtained from stable and
limited instability specimens are similar in shape as shown in Figure 4 for the
aluminum alloy. This insensitivity of the JI-R curve to Tapplied was seen for
all materials tested.

Both macroscopic observation and scanning electron microscopic analysis of the
fracture surface of all materials studied here showed that the fracture zurfaces were
fully ductile and very similar whether they resulted from the stable tearing fracture
or the rapid instability. No evidence of cleavage was observed in any of the cest

samples either near the beginning of the unstable tearing or during the growth of

the rapidly propagating crack.

VERTIFICATION OF INSTABILITY THEORY

The results of the complete series of tests are plotted in Figures 5 and 6 with
each point representing a single specimen. Solid points denote specimens which
demonstrated instability to such a degree that the test was stopped. The half-filled

data points represent specimens which demonstrated limited instability.

12
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The open data points represent specimens that behaved in a stable fashion throughout

the test as they would have been expected to behave in a standard stiff test machine.
plotted in Figure 5

The only difference between Figures 5 and 6 is that the T .

material
were calculated from JI—R curves with crack extension up to 1.5 mm while Figure 6 uscd
-R curves with crack extension up to 5 mm,

T R calculated from J
material 1

120 T
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Figure 4 - JI—R Curves for Non-Side-Grooved

5456~H117 Aluminum Alloy Specimens
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Both Figures 5 and 6 demonstrate the validity of the Paris tearing instability

criterion, that when T unstable fracture behavior will occur.

<
material Tapplied

The two Figures 5 and 6 also show that all the T calculated from J.-R
material I

curves with crack extension to 5 mm are more accurate measures of the material
tearing modulus. This effect was more pronounced on specimens with 20 percent side
grooves than on specimens with no side grooves.

The effect of 20 percent side grooves on the materials tested was to produce a
different T from the non-grooved specimens and, correspondingly, to require a

material

different T to produce unstable behavior. Figure 6 thus shows that the

applied

Tmaterial produced with 20 percent side grooved specimens is a real change in the

effective material behavior due to the change in constraint. Further research is

s

necessary to prove that the constraint produced by side grooved models is the

constraint present in very thick parts.

DISCUSSION OF LIMITED INSTABILITY
In previous work on tearing instability using bend bar specimens, Paris and
coworkers8 did not report observing the wide range of limited instability behavior

observed in this work. They did report one case of "marginal behavior" and two

"

other cases termed "stable" that showed instantaneous load drops of about 5 percent

just beyond maximum load and possibly some other load drops later in the test -

i = . - . .
n specimens with Tapplied 0.6 -~ 0.8 Tmaterial

To explain the observed range of limited instability, two possibilities
seemed to present themselves. First it was conjectured that Tapplied would fall
rapidly with the increased crack length thus re-establishing stabilitv. The second

possibility was that T varied considerably about the average value obtained

material
I—R curve methodology leaving the possibility that

would exceed T . giving a limited instability behavior.
material

by the single specimen J
occasionally Tapplied
To investigate these alternatives, a load-line COD plot was obtained from a
non-side-grooved specimen of the HY-130 alloy without any unloadings. Because this
alloy was identical to the alloy used by Joyce et al.17 a "key curve" analysis could
be applied to develop a JI—R curve for this specimen directly from the load

displacement curve of the specimen. The resulting J.-R curve is shown in Figure 7.

1
The key curve analysis result has a (J,Aa) pair for each point on the original load

displacement curve and thus it allows a determination of the variability in both

Tnaterial 39 Tapprjeq dUFing a test.
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Figure 7 - Key Curve Analysis JI—R Curve for HY-130 Steel Specimen

Using the J and a/W values defined by the JI-R curve of Figure 7 allows
calculating T . 1 which would have been present if the test had been run in a
applied
compliant test machine with the given stiffness. These results are plotted in

Figure 8 and show that T does vary during a typical test, but only slowly,

applied

decreasing as a/W and JI increase. No sudden and pronounced reduction in T

occurs as the result of a slight increase in crack length. If the situation

applied

occurred where T was slightly above T at maximum load, a small step

applied material
of crack extension could occur with stability being reestablished when quplied fell
below T . .. This phenomenon then could not re-occur during this test because
material
T . would only fall with further increases in a/W or J_.
applied 1

To test the second possibility, an iterated quadratic polynomial fit procedurce
was used to evaluate the local slopes of the JI-R curve presented in Figure 7, and

hence the local T defined by Equation (1). In the techniquc used here,

material
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Figure 8 - T . versus Crack Extension for HY-130 Steel Compact
applied

Specimen Tested in a Compliant Test Machine

the polynomial was fit to all J-Aa pairs in a fixed region of Aa instead of to a set

number of data points. This procedure, applied to the J_-R curve of Figure 7, gives

I
the results shown in Figure 9. Here, even when fitting the polynomial over a rela-

tively large region of 0.25 mm of crack extension, a wide band of Tmaterial values is
found ranging from 5 to 35. Overplotted on this Figure are the Tapplied curves from
Figure 7 which tend to bound the T scatter band. The implication of this plot

material
is that a mixture of stable and unstable behavior should exist for this material for

Tapplied values ranging from 5 to 35. This effect 1s not unexpected comsidering the

inhomogeneity of structural materials, producing in turn, irregular crack growth.

The wide variation of T observed here is, however, somewhat surprising.
material
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CONCLUSTONS
The following conclusions can be drawn from the work described in this report.,

e Tearing instability was assured in a compact specimen if the Tappliod
produced by the compliant~test machine exceeded the T defined by a stable

material

single specimen unloading compliance JI—R curve for a similar specimen for the range

of aluminum, titanium and steel alloys tested here.

e The least squares slope of the JI—R curve from 0.15 mm bevond the blunting

line to a crack extension of 5 mm provided the most accurate measure of Tmatoriw]'
which, here, was as far as the stable JI-R curves were measured.
¢ Macroscopic and scanning electron microscopic amalysis showed that th

stable and unstable specimen's fracture surfaces were verv similar. No evidence

19




of cleavage was observed on fracture surfaces of the unstable specimens.

¢ In all materials tested, a reglon of limited instability behavior
’ e ith a
rapplied below the average Tmaterial value, w

gradual reduction in the severity of the unstable behavior as Tapp]i q was reduced.
e

1> Do unstable

was observed for a range of

e For T less than one tenth the average T
app'.ied
behavior was observed in these tests.

materia

e The existence of the limited instability region was apparently due to

variability of T about the average value obtained from the single specimen

material

JI—R curve and not to variations in T resulting from the crack extension.

applied
e The JI-R curves for the materials tested were unaffected bv the value of

Tapplied experienced by the compact specimen.

e The added constraint present in the side grooved specimens produced a
Tmaterial value distinctly different from that of non-side-grooved specimens of the

same material. Tearing instability was then controlled by the applicable T .
material

in these specimens.
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